We propose a laser interference nano-lithography technique for fabrication of nano-structures. This is inspired by a 2π-illumination system that consists of two cylindrical lens arranged face-toface at a distance 2f with a common geometrical focus. When illuminated by a coherent light, this results in the super-position of two counter-propagating light-sheets. The interference gives rise to nano-bump structures along the optical axis. This technique overcomes the existing point-scanning techniques and paves the way for mass production of nano-structures. Study shows the structures with a feature size of 60 nm and an inter-nanobump separation of 180 nm. Proposed technique may find applications in plasmonics, nanophotonics and nanobiology.
Light-sheet microscopy has seen explosive progress in the last decade and it is finding applications in fields ranging from applied physics to nano-biology [1] [2] [3] . This techniques was first realized by Siedentopf et al. [5] and the first imaging application was demonstrated by Voie et al. [1] . Thereafter, the technique was vastly developed by Stelzer group and exploited for potential applications in Biology [2] [6] . Many variants of lightsheet microscopy have emerged over the last few years. This include, thin light-sheet microscopy [7] , ultramicroscopy [8] , digital light-scanning microscopy (DLSM) [9] , objective coupled plane illumination microscopy (OCPI) [10] and confocal light-sheet microscopy [11] [12] . Over the years, light-sheet based techniques have aided many biological studies [8] [13] [14] [16] [17] . There are many advantage of light-sheet microscopy over pointscanning techniques and holds a lot of benefit as far as imaging and nano-lithography are concerned. What make light-sheet illumination so special is the large field-of-view and the ability to scan the entire plane in a single-shot. This is very different from the existing point-illumination techniques that require sequential scanning. Light-sheet illumination has the ability of patterning selective plane over a large area with better accuracy and high reproducibility. [36] . It is the slow serial nature of maskless technique that makes it inappropriate for mass production. So, there is a trade-off between high-throughput production and high precision reproducibility. Ultimately, existing techniques are limited by Abbe's diffraction limit and thus cannot generate feature smaller than this limit [37] [38] . Recently, it has been shown that, diffraction-unlimited nano-lithography can be achieved by using STED technique [30] [31] . Of-late, high-throughput nano-fabrication using visible light is in demand due to the advancement in nanotechnology for enabling mass production of nano-devices.
In this letter, we propose a light-sheet based illumination technique for nano-lithography. The optical configuration consists of two cylindrical lens placed opposite to each other and bear a common geometrical focus. We termed this technique as 2π-system since the aperture angle of combined cylindrical lens system can occupy a maximum angle of 2π. The motivation behind the proposed geometry is to generate multiple nano-bump pattern. Studies show that the nano-bump pattern has an inter-bump separation of approximately λ/2. Comparatively, recent developments in laser inference lithography demonstrate an inter-period spacing of λ/2 sin θ, θ being the inclination angle [32] [33] . Proposed technique is a simple and efficient way of generating nano-pattens with high reproducibility. Since, this technique produce periodic pattern, so it has potential applications in photonic crystals and submicron sieves.
The schematic of the optical configuration for creating periodic nano-bump pattern is shown in Fig.1 . The setup consists of two opposing cylindrical lenses C 1 and C 2 of same focal length (f). The incident coherent beam is allowed to pass through the beam expander to fill the back aperture of the cylindrical lens. When illuminated by the coherent wavefront, both the cylindrical lens give rise to light-sheets which upon superposition generates bump-like interference pattern. The electric field components for a linearly-polarized plane wave at the focus of a cylindrical lens C 1 with its axis along x-axis is given by [39],
where
k is the wavenumber in the image space and α is the semi aperture angle. The terms f, n 1 and n 3 denotes the focal length and refractive index of object and image space respectively. The radial distance from the x−axis and the polar inclination are denoted by ρ = y 2 + z 2 and φ = tan −1 (y/z) respectively.
For the cylindrical lens C 2 the coordinates with respect to lens C 1 are (x, y, −z) and the resulting field components are,
where,φ = π − tan −1 (y/z).
The electric field E at and near the geometrical focus is the superposition of two counter-propagating electric fields,
So, the field distribution is given by,
where E x , E x (ρ, φ, z) = e x (ρ, φ, z) + e x (ρ, φ , −z) Similarly, the expressions for y and z components of the field can be determined by inspection i.e, E y (ρ, φ, z) = e y (ρ, φ, z) + e y (ρ, φ , −z)
and,
We have carried out computational studies to characterize the field distribution for the proposed light-sheet based 2π-system. Fig.1 shows the schematic diagram of the proposed optical system. The numerical calculations for determining the field distribution at and near the common focus was carried out over a grid size of 300 × 300 × 300 pixels (along, x,y,z axes). Practically, this spans over a spatial dimension of 216 µm
3 . An incident light of wavelength 364 nm is chosen for the study. The field is computed using eqn.(4) for varying semi-aperture angle (α) of cylindrical lens. Fig.2 shows the field distribution along the optical axis (near focus) for different semi-aperture angles. It is apparent that, the thickness of the sheet scales down with increase in aperture angle from 0.43 o to 10 o (see, Fig. 2 , XYprofiles). The nano-bump pattern is evident from the yz-and zx-planes. Specifically, the field-of-view can be varied along y-axis using variable semi-aperture angle. This suggests that such a discrete and dense bump-like pattern can be obtained at nano-scale dimensions. The corresponding intensity plots along axial (z-axis) and lateral (y-axis) axes are shown in Fig.3 . From the profile plots it is observed that the z-profile remains unchanged with the change in semi-aperture angle (α) while the change along y-axis is significant. Specifically, the F W HM y along y-axis varies from 1 µm to 20 µm for α = 10 o to 0.43 o . We observed that, the separation between two successive maxima is 180 nm (≈ λ/2) whereas, the full width at half maxima (F W HM z ) of the individual nano-bump is approximately 60 nm.
To better understand the nano-pattern characteristics, we obtained the optical transfer function (OTF). This provides the information about the spatial frequencies present in the generated nano-bump pattern. The corresponding k y k z -plane is shown in Fig.4 for semi-aperture angles, α = 0.43
One can immediately observe higher spatial frequencies along k z -axis. OTF shows maximum bandwidth along axial direction but it is not continuous and are separated. Specifically, the low frequency component occur at k z = 0µm −1 and a relatively weak higher frequency components can be observed at k z = ±0.5µm −1 .
For widespread applicability of the proposed technique, we have also studied the response of the proposed optical system at varying illumination wavelengths. Fig.5  (A 1 , B 1 , C 1 ) shows the yz plane of the field distribution for illumination wavelengths, 364 nm, 520 nm, 630 nm. The inset show a pitch of 180 nm, 260 nm, 320 nm with the width of each feature (nano-bump) of approximately 60 nm, 120nm, 140 nm respectively. Fig.5A 2 , B 2 , C 2 correspond to the OTF at varying wavelengths. The spacing between the low and high freqiency components is quite evident. Moreover, the spacing is found to vary with illumination wavelength. This is clearly reflected in the adjoining intensity plots, Fig.5A 3 B 3 , C 3 . This facilitates the scaling of distance between nano-bump and specific feature size.
In conclusion, we have proposed an efficient technique for fabricating periodic nano-structures. Unlike point-scanning techniques, we have employed interfering light-sheets configured in a 2π geometry. This has the advantage of high-throughput production when compared to point-scanning techniques. Phase matching is ensured for the counter-propagating light-sheets which upon superposition gives rise to nano-bump structures. The grating pattern thus generated has a feature (bump-width) of 60 nm, and inter-bump spacing of 180 nm. This technique will benefit mass production of nano-structures for applications in nano-electronics and nano-biology.
FIG. 5:
Effect of change in illumination wavelength(λ): A1 − C1 shows the yz view of the field distribution calculated for α = 1 0 its corresponding OTF is shown in A2 − C2 whereas A3 − C3 shows the intensity profile plot taken through the center of the OTF along the axial spatial frequency (kz ) direction. Scale bar is 1µm.
